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Abstract 

Background: The directional migration and the following development of primordial germ cells (PGCs) during 
gonad formation are key steps for germline development. It has been proposed that the interaction between germ 
cells and genital ridge (GR) somatic cells plays essential roles in this process. However, the in vivo functional 
requirements of GR somatic cells in germ cell development are largely unknown. 

Results: Wt1 mutation (|/|/|7 R394W/R394W ) results in GR agenesis through mitotic arrest of coelomic epitheliums. In 
this study, we employed the GR-deficient mouse model, |/|//-7 R394W/R394 w to investigate the roles of GR somatic cells 
in PGC migration and proliferation. We found that the number of PGCs was dramatically reduced in GR-deficient 
embryos at embryonic day (E) 1 1.5 and E12.5 due to decreased proliferation of PGCs, involving low levels of BMP 
signaling. In contrast, the germ cells in Wt / R394W/R394W embryos were still mitotically active at E13.5, while all the 
germ cells in control embryos underwent mitotic arrest at this stage. Strikingly, the directional migration of PGCs 
was not affected by the absence of GR somatic cells. Most of the PGCs reached the mesenchyme under the 
coelomic epithelium at E10.5 and no ectopic PGCs were noted in GR-deficient embryos. However, the precise 
positioning of PGCs was disrupted. 

Conclusions: Our work provides in vivo evidence that the proliferation of germ cells is precisely regulated by GR 
somatic cells during different stages of gonad development. GR somatic cells are probably dispensable for the 
directional migration of PGCs, but they are required for precise positioning of PGCs at the final step of migration. 
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Background 

Primordial germ cells (PGCs) are the precursors of sper- 
matozoa and oocytes, which are derived from a small 
number of epiblast cells under induction of bone mor- 
phogenetic protein (BMP) signaling and other unidenti- 
fied signals from the extraembryonic ectoderm (ExE) and 
visceral endoderm (VE) at embryonic day (E) 6.5 in mice 
[1,2]. Following specification, PGCs must become motile 
and actively migrate across the embryo to reach the 
developing genital ridge (GR) and form the functional 
gonads in combination with surrounding somatic cells 
[3]. In mice, the PGCs move from the primitive streak to 
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the endoderm at E7.5 [4]. Then, they migrate through 
the hindgut and mesentery and arrive at the GR at 
approximately E 10.5 [5]. 

Previous studies have suggested that the directional 
migration of PGCs towards the GR is regulated by a com- 
bination of attractive and repulsive signals [6-8]. Stromal 
cell-derived factor 1 (Sdfl) is the most promising attrac- 
tant signaling candidate, which is primarily expressed in 
the GR and surrounding mesenchyme; its receptor, Cxcr4, 
is expressed in PGCs [9-11]. The importance of this che- 
mokine signaling for PGCs migration and colonization has 
been demonstrated by studying gene knockout mouse 
models [9,11]. c-kit is another gene that has been impli- 
cated in guiding mouse PGC migration, c-kit is expressed 
in PGCs and its ligand, Steel factor, is expressed by 
somatic cells along the migratory route [12]. Other than 
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attractive signals, the adhesion molecule E-cadherin 
[13,14] and extracellular matrix molecule Integrin [51 [15] 
have been reported to be involved in the regulation of 
PGC migration and colonization in GR. However, the pre- 
cise function of GR somatic cells in PGCs migration 
remains to be elucidated. 

Once the PGCs reach the GR, they lose their motility 
and proliferate rapidly [16,17]. BMP signaling has been 
shown to control formation of the PGC niche and pro- 
liferation of PGCs within the early GR [18,19]. After sex 
determination, the germ cells in both male and female 
embryos cease proliferation. Male germ cells arrest at 
the GO phase of mitosis, while female germ cells initiate 
meiosis and arrest at the diplotene stage of prophase I 
[20,21]. Whether the proliferation and differentiation of 
PGCs is a cell autonomous process [22-26] or is under 
the control of the surrounding gonadal somatic cells 
[27] remains an open question. 

The Wilms' tumor (WT) suppressor gene, Wtl, encodes 
a nuclear zinc finger transcription factor that was origin- 
ally identified as a tumor suppressor gene in patients with 
WT [28-30]. Wtl has been implicated in the regulation of 
target genes related to proliferation and cell cycle progres- 
sion [31,32]. Wtl is expressed in the urogenital ridge coe- 
lomic epithelium and the underlying mesenchymal cells 
during embryo development [33]. It has been reported 
that Wtl is essential for GR development and deletion of 
Wtl results in gonadal agenesis due to the failure of GR 
development [33]. The alkaline phosphatase-positive 
PGCs are observed in the mesenchyme close to coelomic 
epithelium in Wtl' 1 ' embryo at El 2, suggesting that aber- 
rant GR development probably does not interfere with the 
germ cell migration [33]. However, whether the germ cell 
migrating process is normal and all the germ cells reach 
the aberrant GR; or the proliferation of germ cells has 
been affected in Wtl' 1 ' embryo remains unclear. Wtl R394W 
mice carry the most common Denys-Drash syndrome 
(DDS) missense mutation [34]. Wtl +/R394W mice dis- 
play severe renal failure, and WW R394w/R394w m[ce are 
embryonically lethal [34]. Agenesis of gonads and kidneys 
is also noted in ^R394w/R394w mice due tQ aberrant GR 

development which is similar to WW -null mice. 

In this study we found that the migrating process of 
PGCs was normal and no ectopic PGCs were observed 
in ^ 7 R394W/R394W . However, the number of PGCs in 
M] R394W/R394W embryos was dramatically reduced 
compared to control embryos due to the mitotic arrest. 
In contrast, abnormal proliferation of PGCs was also 
observed in pp*i R394W/R394W embryos at E13.5. These 
results suggest that the proliferation of germ cells during 
the early stage of gonad development is precisely regu- 
lated by GR somatic cells, and the GR somatic cells are 
probably dispensable for directional migration of PGCs. 



Results 

Wtl mutation (wt1 R394W/R394W ) resu | ts in GR agenesis 
through mitotic arrest of coelomic epitheliums 

The GR arises as a thickening of the epithelium along 
the coelomic surface of the mesonephros [33,35]. A pre- 
vious study suggests that Wtl plays a critical role in GR 
development, as deletion of Wtl results in aberrant GR 
development and absence of kidneys and gonads in 
mice [33]. The authors speculate that loss of Wtl prob- 
ably leads to apoptosis of coelomic epithelial cells, 
which in turn causes GR agenesis in Wtl' 1 ' mice [33]. 
However, the exact function of Wtl in GR development 
is unclear. 

In this study, Wtl R394W point mutation mice strain 
[34] was used to study the interaction of GR somatic 
cells and germ cells in gonad development. It has been 
demonstrated that this mutation causes WT1 protein 
loss of function but does not affect its expression [34]; 
therefore, we can track the fate of coelomic epithelium, 
using the anti-WTl antibody. We showed that WT1- 
positive coelomic epithelial cells were observed as early 
as E9.5 in both control (Figure 1A) and ^^/rsmw 
embryos (Figure IE). However, further development of 
WTl-positive coelomic epithelial cells was arrested in 
WW R394W/R394w embryos (Figure 1F-H). Surprisingly, 
the results of the terminal deoxynucleotidyl transferase- 
mediated deoxyuridine triphosphate nick endlabeling 
(TUNEL) assay showed that the number of apoptotic 
cells was not increased in WTl-positive coelomic 
epitheliums (white lines) of w^R394w/R394w embryos 
compared to control embryos (Figure 2A, C), which was 
inconsistent with the previous study [33]. Further study 
revealed that the proliferation of coelomic epitheliums 
(white lines) in ^R394W/R394W embryos was signifi- 
cantly reduced, using 5-Bromo-2-deoxyUridine (BrdU) 
incorporation assay (Figure 2B, D, E). 

Wtl has been implicated in the regulation of target 
genes related to cell cycle progression [31,32] and Cyclin 
El has been demonstrated to play a crucial role in the cell 
cycle by binding cycle-dependent kinase 2 (CDK2), which 
phosphorylates Rb, leading to transition from Gl into S 
phase [36]. To identify the underlying mechanism between 
Wtl loss and mitotic arrest, we identified four potential 
WT1 binding sites within the cyclin El 2.8-kb promoter 
(Figure 2F). The luciferase activity of TM4 cell transfected 
with WT1A or B (-KTS) was increased approximately 
7-fold compared with the control. In contrast, no differ- 
ence was observed between the control and WT1C or D 
(+KTS)-transfected TM4 cells (Figure 2G). To determine 
the effect of WTl(-KTS) in regulating Cyclin El promoter, 
we created two types of mutations in WT1A [37,38]. 
Mutants contained changes in the zinc finger region, such 
as R366C, H377Y, and R394W, failed to activate the Cyclin 
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Figure 1 Mutation of l/l/f7 resulted in GR agenesis. WT1 (brown signal) was expressed in the coelomic epithelium and mesenchyme of the 
urogenital ridge from E9.5 (A, arrows) and continually expressed in somatic cells during gonad development (B-D). In control embryos, the GR 
arose as a thickening of the monolayer epithelium along the coelomic surface of the mesonephros from E9.5 and developed into gonads at 
E12.5 (A-D). The coelomic epithelium was present at E9.5 (E) in |/|/^ R394W/R394W embryos, but further development was arrested (F-G, arrows), and 
no gonads were observed at E12.5 (F). ce, coelomic epithelium; gr, genital ridge; md, mesonephros duct; g, gonad; k, kidney. Scale bars: 50 urn. 



El promoter. In contrast, the mutants with mutations out- 
side the zinc finger region, such as F154S and S273A, had 
transactivational potentials similar to that of wild-type 
WT1A (Figure 2H). Together, these results indicate that 
WT1 regulates the expression of Cyclin El. Moreover, loss 
of function of Wtl in GR somatic cells induced cell 
morphological changes characteristic of epithelial- 
mesenchymal transition, accompanied by a complete loss 
of the epithelial markers E-cadherin and a significant ele- 
vation of mesenchymal markers vimentin (Figure 21). 
Taken together, these results indicate that the aberrant 
GR development in Wtl -mutant embryos is due to the 
mitotic arrest rather than apoptosis of coelomic epithe- 
liums, and Wtl is essential for Cyclin El regulation, 
epithelial cells characteristics maintenance and their nor- 
mal proliferation. 

The directional migration of PGCs is not obviously 
affected in GR-deficient embryos 

Previous studies [8,35] have suggested that GR somatic 
cells participate in PGCs directional migration, although 
there is no direct in vivo evidence to support this 
hypothesis. To explore the roles of GR in PGC migra- 
tion and later development, the PGCs migration process 
was attentively examined in control and ^R394w/r 3 94w 
embryos. As shown in Figure 3D, Stella-positive PGCs 
were observed in the mesenchyme near the coelomic 
epithelium in ^fi R3MW/R394W embryos, and the total 
number of PGCs in both male and female embryo was 
similar to that in control embryos at E10.5 (Figure 3G, H), 
using cross-section number counting of the whole embryo. 
To further detect the migration process of PGCs in 



mi R394W/R394W embryoS) cross sect i 0 ns of E9.5 and E10.5 
embryos were prepared, and the numbers of PGCs at dif- 
ferent locations along the migrating pathway were exam- 
ined in Figure 4. At E9.5, most of the PGCs were observed 
in the hindgut and mesentery of both control (Figure 4A) 
and wtl R394W/R394W (Figure 4D) embryos. At E10.5, most 
of the PGCs reached the GR, and very few remained in the 
mesentery (Figure 4B, C, E, F). No difference of PGCs loca- 
lization was noted between control and wtl R394W/R394W 
embryos by quantitative analysis (Figure 4G, H). In addi- 
tion, no ectopic PGCs were detected in ^R394w/R394w 
embryos. These results together indicate that functional 
GR is probably not essential for the directional migration 
of PGCs and that aberrant GR development does not affect 
PGC movement. 

The expression of Sdfl, Steel factor and Integrin-pl was 
not changed in W t1 R394W/R394W embryos 
It has been demonstrated that excreted factors, such as 
Sdfl, Steel factor and Integrin-pi, involve in the direc- 
tional migration of PGCs during gonad development 
[7,10,11,15,39]. To examine whether the expression of 
these factors is changed in GR-deficient embryos due to 
Wtl mutation, immunofluorescence experiments at 
E10.5 were performed. As shown in Figure 5, the Sdfl 
protein was expressed in the mesenchymal cells and coe- 
lomic epithelium in both control (Figure 5A) and 
WW R394W/R394w ( Figure 5B ) embryos. High-magnifica- 
tion images showed that the expression of Sdfl in the 
coelomic epithelium was not obviously changed in 
WW R394W/R394w em b r yos (Figure 5D) compared with 
control embryos (Figure 5C). Steel factor was mainly 
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Figure 2 Wtl is essential for epithelial cells characteristics maintenance and their normal proliferation. TUNEL assay of coelomic 
epitheliums (white lines) was detected in |/j/ t 7 R394W / R394W embryo and control embryo (A). A table outlining the number of TUNEL + PGCs 



observed in control and Wtl 



R394W/R394W 



E11.5 embryos (C). Proliferation of coelomic epitheliums (white lines) in Wtl 



R394W/R394W 



embryos was 



examined, using BrdU incorporation assay (B). White arrows in B pointed to the BrdU + coelomic epitheliums. Scale bars: 30 urn. Numbers in 
parentheses show the actual number of BrdU + coelomic epitheliums over the total number of coelomic epitheliums counted for that embryo 
(D), and note that the BrdU labeling rate was significantly reduced in i/i/ t 7 R394W / R394W embryos (E). Four potential WT1 binding sites (GNGGGNG) 
in the cyclin E1 2.8-kb promoter were identified (F). TM4 cells were co-transfected with 0.2 ug cyclin E1-Luc (G), or 0.2 ug cyclin E1-Luc with 
different point mutants of the WT1A in modified PCB6+ vector (H), or the control PCB6+ vector. One group of mutants contained changes in 
the zinc finger region (R366C, H337Y and R394W), and the other group contained (F154S and S273A) changes outside that zinc finger region 
[37]. All of these assays were performed 36 hours after transfection. Fold activation was displayed by Firefly/Renilla ratio. Error bars represent 
SEM. *P <0.05 (by t-test). A significant elevation of mesenchymal markers vimentin (left) and a complete loss of the epithelial markers E-cadherin 
(right) and were detected by immunostaining assay (I). White arrows in I pointed to the signals. Scale bars: 30 urn. 



expressed in the mesentery of both control (Figure 5E) 
and W rj ti R394W/R394W ( Figure 5 p) embryos. Integrin pi 

was widely expressed in hindgut, mesentery and GR 
mesenchyme, and no difference was noted between con- 
trol (Figure 51, K) and ^i*394W/R394w (Figure 5J> L) 

embryos. Furthermore, we compared transcript levels of 
c-Kit, Steel, Cxcr4, Sdfl, Cdhl and Integrin-f5l between 
control and ^R394w/R394w embryos at E10 5 No differ _ 

ences were detected between samples for any of the 



genes using real-time RT-PCR (Figure 5M), indicating 
that the expression of factors which were implicated in 
regulating PGC migration was not changed in Wtl R394W/ 
R394W embryos. 

The proliferation of PGCs in the developing gonad is 
regulated by somatic cells 

Upon reaching the GR, the PGCs proliferated rapidly 
and their number increased up to approximately 1,100 
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Figure 3 The number of PGCs was reduced in GR-deficient embryos. PGCs (black arrow-heads) were labeled with Stella (brown signal). 
At El 0.5, Stella-positive PGCs were observed in the mesenchyme under the coelomic epithelium in both control (A) and |/|/^ R394W/R394W 
(D) embryos, and no difference in PGC number was noted between control and Wt / R394W/R394W embryos. In control embryos, Stella-positive 
PGCs colonized the developing gonads at E11.5 (B) and E12.5 (C), and the number of the PGCs increased rapidly. In contrast, in |/i/ f 7 R394W/R394W 
embryos, the PGCs were widely scattered in the mesenchyme under the coelomic epithelium at E11.5 (E) and E12.5 (F). Histogram summarizing 
selected PGCs number in microscopic cross sections of three independent embryos. Numbers in parentheses show the actual number of PGCs 
counted at E10.5 (G), El 1.5 (I) and E12.5 (K). The average number of PGCs was significantly reduced in i/i/ t 7 R394W/R394W embryos compared with 
control embryos at these stages (H, K, L). * P <0.05. ce, coelomic epithelium; gr, genital ridge; g, gonad. Scale bars: 50 urn 



by El 1.5 (Figure 3B, I) and 5,500 by E12.5 (Figure 3C, K). 
We found that the number of PGCs in ^m94w/r394w 
embryos was significantly reduced compared to controls 
at E11.5 (Figure 3 E, I, J) and E12.5 (Figure 3F, K, L). To 
assess the reason for low PGCs number in Wtl R394W/ 
R394W ern ]3 r y OS) TUNEL assay and BrdU incorporation 
experiments were conducted at El 1.5. As shown in 
Figure 6, no TUNEL-positive PGCs were observed in con- 
trol (Figure 6C, M) and W 3 ti R394w/R394w (Rgure 6F> M) 

embryos at E12.5. Numbers (parentheses) in Figure 6N 
showed the actual number of BrdU-positive PGCs over 
the total number of PGCs counted for that embryo. Note 
that approximately 50% of PGCs in control embryos were 
BrdU-positive (Figure 61, N, O), while only approximately 
28% of PGCs were BrdU-positive in p^i R394W/R394W 
(Figure 6L, N, O) embryos. These results indicate that the 
reduced number of PGCs in GR-deficient embryos is due 
to the mitotic arrest rather than apoptosis of PGCs. To 
further explore the molecular mechanism, we next 
assessed transcript levels for factors that may stimulate 
PGCs proliferation within El 1.5 gonad. Potential factors 



include the BMP family members and TGF-P family mem- 
bers. The BMP family has been associated with PGCs pro- 
liferation within the early GR [18,19,40] and two members 
of the TGF-P family, TGFpi and activin, limited murine 
PGCs proliferation [41,42]. Bmp4 and Smads were vali- 
dated as WT1 targets by ChlP-PCR in kidney [43], sug- 
gesting that Bmp4 might most likely be transcriptional 
targets of WT1. Using real-time RT-PCR, we detected that 
the mRNA levels of Bmp4 and downstream genes of BMP 
signaling, including SmadS and Srnad8, were significantly 
reduced in both male and female W tl R394W/R394W 
embryos (Figure 6P, Q). So, we conclude that the low level 
of BMP signaling within the GR is one of the reasons 
accounted for mitotic arrest and low PGCs number in 
Wtl -mutant mice. 

After a rapid increase in number, the PGCs cease pro- 
liferating after sex determination [20,21]. As shown in 
Figure 7, most of the Dazl-positive (green) germ cells 
were labeled with Ki67 at Ell. 5 (Figure 7A, B) and 
E12.5 (Figure 7E, F) in control embryos. However, very 
few Ki67-positive male germ cells were noted at E13.5 
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Figure 4 PGC migration was normal in GR-deficient embryos. Transverse sections of control (A-C) and Wt1 



R394W/R394W 



embryos (D-F) were 



prepared and PGCs (black arrow-heads) were labeled with Stella (brown signal) (A-F). The PGC migration process was assessed by counting the 
number of PGCs at different locations along the migrating pathway at E9.5 (G) and E10.5 (H). At E9.5, most of the PGCs were observed in the 
hindgut and mesentery of both control (A) and i/i/ t 7 R394W / R394W (p) embryos. At E10.5, most of the PGCs had reached the GR, and very few PGCs 
remained in the mesentery (B, C, E, F). Histogram summarizing selected PGCs number in cross sections of three independent embryos and no 



difference was noted between control and Wtl 
mesentery. Scale bars: 50 urn. 



R394W/R394W 



embryos (G, H). n, neural tube; da, dorsal artery; gr, genital ridge; hg, hindgut; mes, 



(Figure 71, M), indicating that male germ cells in control 
embryos are in mitotic arrest at this stage. The percen- 
tage of Ki67-positive female germ cells was approxi- 
mately 35%, while approximately 96% of germ cells in 
mi R394w/R394w embryos remaine d Ki67-positive at 

E13.5 (Figure 7K, L, M; white arrows). Because a high 
percentage of germ cells in ^R394W/R394W embryos 
does not leave active cell cycle process, it is likely that 
the cyclin-dependent kinase inhibitor (CDKI) that inhib- 
ited the Gl/S transition was relatively down-regulated. 
We found that expression of plS lNK4h and p27 K[pl , as 
estimated by real-time RT-PCR, was down-regulated in 

WW R394W/R394W germ ceUs> compared with male germ 

cells in control (Figure 7N). In contrast, there were no 



significant differences in transcripts of plS lNK4h and 
p27 Kipl between female germ cells in control and 
w ^R394w/R394w germ ceUs ( Figure 70 ). These results 

together suggest that the proliferation of germ cells dur- 
ing gonad development is precisely regulated by somatic 
cells and that the aberrant GR development results in 
abnormal germ cell proliferation. 

The PGC identity and PGC-PGC interactions are not 
changed in |^ t7 R394W/R394W embryos 
It has been found that PGCs reside in extragonadal tis- 
sues, such as the adrenal and mesonephric tissues in 
some case [44]. The identity of these ectopic PGCs may 
partially change [16,45,46]. In our study, the PGCs 
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Figure 5 Steel factor, Sdfl and Integrinpl expression were unchanged in GR-deficient embryos. The expression patterns of Steel factor, 
Sdf 1 and lntegrin(3 1 in E10.5 control and Wt / R394W/R394W embryos were assessed by immunostaining. Sdfl was expressed in the urogenital 
region of both control (A) and |/i/ f 7 R394W / R394W ( B ) embryos. High-magnification images showed that the expression of Sdfl in the coelomic 



epithelium (white arrows) was not obviously changed in Wtl 



R394W/R394W 



R394W/R394W 



(D) compared with control embryos (C). Steel factor was detected in the 



f) embryos. G and H are high-magnification images from E and F, respectively. Integrinp! was 



mesentery of control (E) and Wtl 

widely expressed in both control (I) and Wt 7 R394W/R394W (j) embryos. K and L are high-magnification images of I and G, respectively, da, dorsal 
artery; gr, genital ridge; hg, hindgut; mes, mesentery. Scale bars: 50 urn. The mRNA level of c-Kit, Steel, Cxcr4, Sdfl, Cdhl and Integrinpi was 
detected by real-time RT-PCR (M), and normalized against Gapdh. Each bar, mean ± SD of n = 3 experiments. 



settled under the epithelium of mesonephros. We ques- 
tioned whether the PGC identity changed without the 
support of GR somatic cells. To test, the PGC identity 
was detected in Ell. 5 ^R394W/R394W embryos , We 

found that PGCs in both male and female GR-absent 
embryos still expressed PGC characteristic markers, 
including Stella, SSEA-1, Blimpl, Dazl and the pluripo- 
tent marker Oct4 (Figure 8A-D, 8G). In addition, PGC- 
PGC interactions, such as E-cadherin and P-catenin 
were maintained in El 1.5 p^R394W/R394W embryos 
(Figure 8E, F). These results suggest that the PGC iden- 
tity and important characteristics do not alter in 
M] R394w/R394w embryos . T he mRNA level of PGC 

characteristic markers {Oct4, Dazl, SSEA-1, Blimpl, 
Nanos2, Figla), and PGC-PGC interaction markers 
{E-cadherin and f5-catenin) were not changed between 
control and ^R394w/R394w embryoS) detected by real- 
time RT-PCR, and normalized against the PGC-specific 
marker Stella. 

Discussion 

The PGCs are formed distantly from their final destina- 
tion, thus, they must migrate for a long distance to reach 
the GR. The precise mechanism that regulates the direc- 
tional migration of PGCs towards the GR remains an 
open question [47] . The widely accepted hypothesis sug- 
gests that the PGCs are attracted by the factors that are 
emitted from the destination or by somatic cells along 
their migratory route. In vitro studies have demonstrated 
that the GR tissue from E10.5 embryos attracts PGCs 
migration [35]. Several genes have been implicated in the 
process of PGC migration, such as Sdf-1, Steel factor, 
Integrin/51 [8,15] and E-cadherin [14], and the inactivation 



of these genes results in aberrant PGC migration. In this 
study, a GR-deficient mouse model, i^ra94W/R394w was 
used to study the roles of the GR in germ cell migration 
and development. We found that the migration of PGCs 
in GR-deficient embryos was normal, which was consis- 
tent with a previous study [33]. Stella-positive PGCs 
reached the mesenchyme under the coelomic epithelium 
at E10.5, and no ectopic PGCs were observed in GR-defi- 
cient embryos. However, the number of PGCs was drama- 
tically reduced in GR-deficient at E11.5 and E12.5. Further 
study revealed that the decrease of PGC number was due 
to the reduced proliferation but not cell apoptosis. 

Sdfl, Steel factor and Integrinpi have been reported to 
play important roles in regulating PGC migration [8,15]. 
In this study, we found that the expression of these pro- 
teins was not restricted to GR somatic cells and the pro- 
tein level was also not changed in ^R394w/R394w 
embryos compared to control embryos. These results 
suggest that the signals that regulate PGC migration 
probably not only come from GR somatic cells, but the 
factors from hindgut, mesentery and the mesenchymal 
cells around GR also play important roles in this process. 
Given that PGCs begin to migrate at approximately E7.5, 
while the GR is not visible until approximately E9.5 in 
mice, the early stage of PGC migration is most likely 
regulated by somatic cells along the migrating pathway, 
not by signals from the GR. In this study, we found that 
the GR development was blocked in wtl™ 9 ™ 1 ™ 9 ™ 
embryos due to Wtl mutation. However, the coelomic 
epithelium was still maintained from E9.5 to E12.5. We 
could not exclude the possibility that the developmentally 
arrested coelomic epithelial cells still can secret some 
unknown factors which attract the PGC migration, and 
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were labeled with BrdU (I, white arrows, O) in control embryos. In contrast, only approximately 28% of the PGCs in Wt1 



R394W/R394W 



embryos were 



labeled with BrdU (L, white arrows, O). Scale bars: 30 urn. The mRNA level of BMP family members {Bmp2, Bmp4, Bmp5 and Bmp6), TGF-(3 family 
members {Tgfpl and Activin), and downstream genes of BMP signaling Smad4, Smad5 and Smad8) was detected by real-time RT-PCR in 

male (P) and female (Q). The mRNA level was normalized against Gapdh* P <0.05. Each bar, mean ± SD of n = 3 experiments. 



other functional GR is not essential for germ cell migra- 
tion. We also found that most of the PGCs in control 
and w^ R394W / R394W embryos arrived at the mesenchyme 
near the coelomic epithelium at E10.5. However, at El 1.5 
and E12.5, all the germ cells in control embryos were 
colonized into the developing GR (Figure 3B, C), 
whereas, the germ cells in GR-deficient embryos were 
scattered widely under the coelomic epithelium instead 
(Figure 3E, F). These results suggest that GR somatic 
cells are important for the precise positioning of PGCs at 
the final step of migration. 

During and after colonization into the GR, PGCs pro- 
liferate rapidly, and their number is increased dramati- 
cally from approximately 500 to 25,000 by E13.5 [48,49]. 



After sex determination, most germ cells enter mitotic 
arrest [20,21]. Whether the proliferation of germ cells is 
a cell autonomous process or regulated by GR somatic 
cells is unclear. In this study, we found that the prolif- 
eration of PGCs was dramatically reduced in Wtl R394W/ 
R394W em ]3 r y OS at £11,5 an d E12.5 compared to control 
embryos, whereas, the germ cells in ^R394W/R394W 
embryos were still mitotically active at E13.5 when all 
the germ cells stop proliferation in control embryos, 
indicating that the proliferation of germ cells is precisely 
regulated by GR somatic cells during the early stage of 
gonad development, and disruption of GR development 
results in aberrant germ cell proliferation. Our results 
were consistent with previous in vitro studies, which 
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showed that soluble factors released by GR regulated the 
proliferation of PGCs using the medium conditioned by 
different embryonic tissues [35]. 

Conclusions 

The results of our study provide in vivo evidence that 
the proliferation of germ cells is tightly regulated by GR 
somatic cells during the early stage of gonad develop- 
ment. The directional migration of PGCs is not affected, 
but the precise positioning of PGCs at the final step of 
migration is disrupted in GR-deficient embryos, suggest- 
ing that the functional GR is not essential for PGC 
migration. However, the detailed molecular mechanisms 
underlying this regulation await further investigation. 

Methods 

Mice 

All animal work was approved by the committee on ani- 
mal care at the Institute of Zoology of the Chinese 



Academy of Sciences. All mice were maintained in a 
C57BL/6; 129/SvEv mixed background. ^R394w/R394w 

mice were obtained by crossing male and female Wtl 
+/R394W mice [34] DNA isolated from adult tails and 

fetal tissues was used for genotyping. Genotyping was 
performed by PCR as described previously [34]. The sex 
of the embryo was detected by PCR using Sry primer 
[50]. 

Immunohistochemistry and immunofluorescence 

Embryos were collected at E9.5 to E13.5. Embryos were 
dissected in PBS and fixed in 4% paraformaldehyde for 
up to 24 hours, stored in 70% ethanol, and embedded in 
paraffin. Tissue sections (5 \im thick) were cut and 
mounted on glass slides. Sections were deparaffinized 
and rehydrated, followed by antigen retrieval in 10 mM 
sodium citrate buffer. After blocking with 5% BSA for 
one hour, the sections were incubated with primary 
antibody at 4°C overnight. After washing with PBS, 
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secondary antibody was applied for one hour, followed 
by washing in PBS. Staining was visualized using a DAB 
substrate kit (Zhong Shan Technology, Beijing, China). 
For immunofluorescence, the sections were blocked in 
blocking buffer (goat serum, 0.3% Triton X-100 in PBS) 
at room temperature for one hour and then incubated 
with primary antibodies overnight at 4°C. Sections were 
washed in 0.3% Triton X-100 in PBS and incubated with 
FITC or TRITC-conjugated secondary antibodies (Jack- 
son ImmunoResearch, West Grove, PA, USA) for one 
hour. The sections were washed in 0.3% Triton X-100 
in PBS and counterstained with 4\6-diamidino-2- 



phenylindole (DAPI) (Sigma, St. Louis, MO, USA) to 
identify the nuclei. 

The following antibodies were used in this study: rabbit 
anti-WTl (1/400, Epitomics, Burlingame, CA, USA, 2797- 
1), rabbit anti-Stella (1/200, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA, sc-67249), rabbit anti-Ki67 (1/500, 
Abeam, Cambridge, MA, USA, abl5580), mouse anti-Dazl 
(1/400, AbD Serotec, Raleigh, NC, USA, MCA2336), goat 
anti- Steel (1/50, Santa Cruz Biotechnology, sc-1303), rabbit 
anti-Sdfl (1/50, Santa Cruz Biotechnology, sc-28876), rab- 
bit anti-Integrinpi (1/500, Chemicon, Billerica, MA, USA, 
AB1952), rabbit anti-E-cadherin (1/200, Abeam, abl5148), 
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and rabbit anti-Vimentin (1/200, Cell Signaling Technol- 
ogy, Danvers, MA, USA, #3932). 

Count PGC number 

A serial section of the whole embryo was prepared and 
stained by PGC-specific marker Stella. The Stella + cells 
were counted at each section and added to the total 
PGC number of that embryo. 

TUNEL assay 

TUNEL assays were conducted with the In Situ Cell 
Death Detection Kit, Fluorescein (Promega Biosciences, 
San Luis Obispo, CA, USA), as recommended. Images 
were acquired with a Nikon DMR Epifluorescence 
Microscope (Nikon Instruments Inc, Melville, NY, 
USA), and images were captured by a Hamamatsu CCD 
camera (Hamamatsu Photonics, Iwata, Shizuoka, Japan). 

BrdU incorporation assay 

BrdU labeling and detection were conducted as pre- 
viously described [51]. Briefly, pregnant females were 
injected with 50 mg/kg of BrdU (Sigma) (intraperitone- 
ally, i.p.) one hour prior to embryo collection. Embryos 
were dissected and fixed in 4% PFA. A purified mouse 
anti-BrdU monoclonal antibody (BD Bioscience, San 
Jose, CA, USA) was used for BrdU detection. 

Real-time RT-PCR 

The genital ridge were lyzed with Trizol reagent (Invitro- 
gen, Carlsbad, CA, USA) and total RNA was extracted 
according to the manufacturer's instructions. Measure- 
ment of RNA integrity and cDNA synthesis of cDNA were 
performed as previously described [52]. Each sample was 
measured in duplicate in at least three independent experi- 
ments. Sample CT values were normalized to the corre- 
sponding Gapdh or Stella CT values, and relative 
expression levels were calculated using the AACT method 
[25]. Primer pairs were listed in Additional file 1, Table SI. 

Plasmid construction and cell transfection 

Mouse Wtl cDNA was amplified by PCR using testis 
cDNA and subcloned into the PCB6+ vector, as described 
[38]. The 2.8-kb cyclin El promoter fragment was ampli- 
fied by PCR from mouse genomic DNA and subcloned 
into the pGL3-basic luciferase reporter vector (Promega). 
Point mutation of WT1A was performed by site-directed 
mutagenic PCR, using the PCB6+WT1A construct as the 
template [38]. TM4 cells were grown in F-12/DMEM sup- 
plemented with 10% fetal calf serum and cells were co- 
transfected with expression and reporter plasmids and the 
Renilla luciferase reporter plasmid (pRL-TK) (Promega) as 
indicated in the figure legends. The cells were harvested 
for the luciferase assay 36 hours after transfection. 



Statistical analysis 

Experiments were repeated at least three times. The 
data were evaluated for significant differences using a 
Student's £-test. A P-value < 0.05 (*) was considered sig- 
nificant. A P- value < 0.01 (**) was considered very signif- 
icant. Bar graphs were plotted in MS Excel (Microsoft 
Corporation, Redmond, WA, USA). 

Additional material 



Additional file 1: Table SI: DNA primers used in this study. Primers 
used in this study for Real-time RT-PCR. 
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